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Spin chains are among the simplest physical systems in which electron-electron interactions in-
duce novel states of matter. Here we show that the combination of atomic scale engineering and
spectroscopic capabilities of state of the art scanning tunnel microscopy enables probing the frac-
tionalized edge states of individual atomic scale S = 1 spin chains. These edge states arise from the
topological order of the ground state in the Haldane phase. We also show that the Haldane gap and
the spin-spin correlation length can be measured with the same technique.
The basic electronic properties of large classes of mate-
rials, such as good metals and semiconductors, can be de-
scribed with an independent electron picture because the
Coulomb electron-electron interaction plays a marginal
role. In contrast, the single-electron picture is not ap-
plicable to strongly correlated materials, such as Mott
insulators and their descendants, which exhibit a vari-
ety of fascinating phenomena including high temperature
superconductivity and colossal magnetoresistance [1, 2].
Modeling the electronic properties of these strongly cor-
related materials can be notoriously difficult. However,
different analytical and numerical tools, developed for
this purpose, provide a great deal of insight for strongly
correlated one-dimensional systems. The study of quan-
tum spin chains played a central role in this context. Ex-
act analytical solutions [3] and efficient numerical meth-
ods [4] revealed a plethora of collective phenomena that
triggered new paradigms, such as quantum spin liquids
[5, 6], fractionalized spin excitations [7–9] and hidden
topological order[10, 11]. The gapped Haldane phase of
integer spin antiferromagnetic (AFM) Heisenberg chains
is a remarkable example of a novel quantum state induced
by electron-electron interactions [5].
In analogy with the in-gap edge states of topologically
ordered phases [8, 9], the S = 1 AFM Heisenberg chain
exhibits fractional S = 1/2 edge states, whose energy
lies inside the Haldane gap. These in-gap states behave
like two S = 1/2 spins that are localized at each end
of the open chain [12–14], in spite of the fact that the
elementary building blocks of the model are S = 1 spins.
The existence of these S = 1/2 edge states was re-
vealed by Electron Spin Resonance (ESR) [12, 13, 15]
and neutron scattering [16] experiments performed on
quasi-one-dimensional S = 1 materials. Measurements of
thermodynamic properties properties are also consistent
with the existence of these end-sates [17–19]. However,
these experiments can only probe a thermodynamically
large number of open S = 1 chains of different lengths,
which arise from chemical substitution of the S = 1 ion
by a non-magnetic ion.
In this Letter we propose a radically different approach
based on the recent progress in atomic scale manipula-
tion and single atom inelastic electron tunneling spec-
troscopy (IETS) of spin excitations the can be measured
with a scanning tunneling microscope (STM). The STM
can be used as a tool for arranging the magnetic ions in
a single linear chain [20–24]. The spectral features of the
linear chain remain sharp if the magnetic adatoms are de-
posited on a thin insulating layer, like a single monolayer
of Cu2N coating a Cu(100) substrate [20, 24, 25], that
reduces the exchange coupling to the underlying metallic
substrate. Under these conditions, it is possible to per-
form atomically resolved spin IETS [20] [see Fig. 1(a)].
Indeed, STM-IETS measurements of Mn, Fe or Co atoms
deposited on a thin insulating layer revealed quantized
spin values of S = 5/2, 2 and 3/2, respectively, that are
consistent with Hund’s rules [25]. The same technique
has revealed spin excitations of chains containing up to
10 S = 5/2 Mn atoms, which are are well described by an
AFM Heisenberg model with single-ion anisotropy terms
[20, 26]. In addition, intensity modulations of the IETS-
STM signal on different atoms of the chain have been
theoretically predicted [26] and experimentally observed
[27, 28].
Here we demonstrate that IETS performed with an
STM on a family of S = 1 spin chains of increasing
lengths N ≤ 16, which are well within the experimen-
tal range [20, 24], provides a local probe for the S = 1/2
edge states of the Haldane phase. We also show that our
results are robust against the unavoidable presence of
single-ion anisotropy. Our proposal suggests that atom-
ically engineered spin chains can be used as “quantum
simulators” for probing exotic correlated states of mat-
ter, such as gapped quantum spin liquids.
We start by considering the Heisenberg Hamiltonian
for a chain (ring) of N anisotropic S = 1 spins
H =
N∑
i=1
h0(i) + J
N−1∑
i=1
Si · Si+1 + κSN · S1, (1)
where
h0(i) = D(S
z
i )
2 + E
[
(Sxi )
2 − (Syi )2
]
(2)
is the single-ion anisotropy contribution to H, with ax-
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2FIG. 1. (Color online) (a) Scheme of an STM tip probing
the spin excitation of a chain of magnetic adatoms deposited
on top an insulating layer as in Ref. [20]. (b) Adiabatic evo-
lution of the low energy spectra for an AFM Heisenberg chain
of N = 14 S = 1 spins from PBC to OBC. The lowest exci-
tation energy for the infinite ring is equal to the Haldane gap
(diamond), while the open chain becomes gapless for N →∞
because of the S = 1/2 states that are localized on each edge.
(c) Size dependence of the singlet-triplet energy gap for PBC
and OBC in absence of anisotropy (only even sizes are plot-
ted).
ial anisotropy D and transverse anisotropy E. J, κ ≥ 0
are the antiferromagnetic exchange inter-adatom ener-
gies. The two relevant limiting cases correspond to
open boundary conditions (OBC) for κ = 0 and peri-
odic boundary conditions (PBC) for κ = J . We shall
denote the eigenvectors of this Hamiltonian as |m〉 and
the eigenvalues as Em in increasing order, Em−1 ≤ Em,
with m = 0 corresponding to the ground state. The low-
energy eigenvalues and eigenstates are obtained by direct
numerical diagonalization of H for N ≤ 16.
We first discuss the results for the isotropic case D =
E = 0. This is a good starting point in the case of S =
5/2 Mn chains because the orbital moment is quenched
for the 5 polarized 3d electrons [20, 26]. Figure 1(b)
shows the low energy spectra of H as a function of κ/J
for N = 14. The ground state is a singlet in both cases,
as expected for even N , while the first excited state has
total spin S = 1. However, the energy gap between them
decreases from a value that is close to the Haldane gap
of the ring (κ = 1) to a much smaller value in the open
chain limit. The finite size scaling of this gap ∆1,0 =
E1 − E0 sheds light on the nature of the lowest energy
excited states. For the ring, the size dependence of the
energy gap is well fitted by the expression ∆1,0 = ∆H +
ηJ/N2 (∆H = 0.411J is the Haldane gap marked by a
diamond in Fig. 1(b) and η ≈ 9.84), as expected from
the quadratic dispersion relation of the single-magnon
excited states [29]. The finite size scaling of the singlet-
triplet gap is qualitatively different for open chains:
∆1,0 = ∆0e
−N/ξ, (3)
where ξ ≈ 4.65 is the spin-spin correlation length and
∆0 = 1.2J in perfect agreement with previous re-
sults [30–32]. For a characteristic exchange constant of
6meV (the case of Mn chains), the excitation energy for
a chain of N = 16 spins would be ∆1,0 ' 230 µeV. Exci-
tations in this energy scale have been resolved previously
with STM-IETS [25].
The exponential decay of Eq. (3) is known to arise [18]
from the coupling of two S = 1/2 modes localized at
the edges. The gap ∆1,0 corresponds to the effective
coupling between both edge modes and the existence
of these modes is illustrated by the site dependence of
〈1,±1|Szi |1,±1〉 shown in Fig. 2(a). The expectation
value is ± 12 for the boundary atoms and it decays ex-
ponentially towards the center of the chain with pi os-
cillations that reflect the AFM nature of the exchange
coupling [33].
Because the mean value of the magnetization on each
site is not an easy quantity to measure for excited states,
we consider a different approach. Electrons tunneling be-
tween the tip and the substrate of the set up illustrated
in Fig.1a can excite states of energy ∆ (provided that the
bias energy eV is larger than ∆) when they go through
one of the magnetic atoms. The opening of a new (in-
elastic) tunneling channel results in an stepwise increase
of the conductance dI/dV . The width of these steps is
proportional to the temperature T because of the ther-
mal smearing of the Fermi surfaces of the tip and the
substrate. Spin assisted tunneling arising from cotunnel-
ing exchange, makes IETS sensitive to spin excitations of
the chain [34]. The inelastic tunneling current when the
tip is placed on top of atom n reads [26]
I(n) = T
∑
m
Pm
∑
m′,a
|〈m|San|m′〉|2 i(∆m,m′ , eV ), (4)
where a = {x, y, z} and T is a dimensionless con-
stant that scales linearly with the tip-n-adatom and
adatom substrate coupling. Pm is the occupation of the
|m〉 state and ∆m,m′ = Em − Em′ . i(∆m,m′ , eV ) =
(G0/e)
[
G(∆m,m′ + eV )−G(∆m,m′ − eV )
]
is the current
of a single inelastic chanel, where G0 is the quantum of
conductance and G(ω) ≡ ω (1− e−βω)−1 is the phase
space factor (β = 1/kBT ). Finally, the matrix elements
of the spin operators of atom n, 〈m|San|m′〉, relate the
current characteristics to properties of the quantum spin
eigenstates. For small current flow, the occupations, Pm,
are given by their thermal equilibrium values [35, 36].
Because only the ground state is significantly occupied
for kBT  ∆1,0, the inelastic current provides infor-
mation about excitation energies and matrix elements,
〈0|San|m′〉, connecting the ground state and certain ex-
cited states. The form factors that control the inten-
3sity of the step in the dI/dV curve for energy ∆1,0 are∑
m′,a |〈0|San|m′〉|2, where m′ runs over the first excited
S = 1 states, are shown in Fig.2(b) for different sites
n and chain lengths N . These matrix elements are en-
hanced near the edges and the edge/center ratio increases
with N . The asymptotic behavior (large N) of this ratio
should be an exponential increase in N , ∼ eN/ξ′ , where
ξ′ is of the order of ξ. The implication of this behavior
in the transport is illustrated in Fig. 2(c), which shows
the calculated dI/dV for the different atoms in a chain
of N = 16 spins. All of them have a step at eV = ∆1,0,
but the intensity of the step is 3 times larger at the edge
than at the center. In addition, by measuring ∆1,0 as a
function of N , it is possible to extract the spin correla-
tion length ξ [29] from a fit with Eq. (3). The same type
of spectroscopy performed on a ring of equidistant spins
would also allow to measure of the value of the Haldane
gap.
We will now consider the effects of the single-ion
anisotropy terms. Previous theory work has addressed
this issue in the context of bulk-probe experiments [18,
37]. Here we tackle the effects of these terms on the STM-
IETS probe. Experiments for transition metals on Cu2N
show that the exchange constant is much stronger than
the single-ion anisotropy terms for Mn spin chains [20],
but not for Fe chains where the two energy scales are
similar [24]. The difference between these two cases is
that the orbital moment is quenched for the case of Mn
atoms (S = 5/2), but it is not for the case of Fe atoms.
As we show in Fig. 3(a), the uniaxial single-ion
anisotropy, D, splits the S = 1 triplet into a Sz = ±1
doublet and an Sz = 0 singlet. Depending on the sign of
D, either the singlet or the doublet are pushed down in
energy. The in-plane anisotropy breaks the degeneracy of
the Sz = ±1 doublet. The splitting, ∆1,0 ∼ E, between
the resulting eigenstates, (|Sz = 1〉±|Sz = −1〉)/√2, can
be observed with IETS as a fine structure in the inelas-
tic step associated with transitions between the ground
and the first excited states, provided ∆1,0 & 5.4kBT , see
Fig. 3(b).
The local character of the edge excitations survives
under the presence of small anisotropy terms D and E.
This is clear from the rapid decrease in the intensity of
the IETS signal as the tip moves from the edges towards
the center of the chain [see Fig. 3(b)]. For large enough
and negative D, the model undergoes a quantum phase
transition into an Ising-like AFM ground state that does
not have S = 1/2 edge states. Therefore, it is interesting
to determine how the nature of the edge states changes as
a function of increasing |D|. For that matter, we compute
the local expectation value of the edge spin in the lowest
energy triplet state, 〈1|Sz1 |1〉, which should approach 1/2
if there are fractionalized edge states. As it is shown in
Fig. 3c, |〈1|Sz1 |1〉| decreases and tends to zero for positive
values of D, while it increases and tends to 1 for negative
values of D. This behavior is consistent with the evolu-
FIG. 2. (Color online) (a) Expectation value 〈Szi 〉m for the
two triplet states with Sz = ±1. The spin density is peaked at
the edges. (b) Inelastic signal Sinel =
∑
a
∑3
m=1 |〈0|San|m〉|2
versus the normalized atomic position (n − 1)/(N − 1) for
different chain sizes. D = E = 0 in all cases. (c) IETS on
atoms 1, 3, 5 and 7 for the N = 16 chain at T = 0.01J . The
step of dI/dV is at eV = ∆1,0. The height of the step is
controlled by Sinel shown in panel (b).
tion towards a quantum paramagnet for D > Dc1 > 0
and an Ising Ne´el antiferromagnet for D < Dc2 < 0.
We now discuss promising materials to fabricate S = 1
spin chains under control and verify our predictions. So
far, STM-IETS has revealed two different systems with
S = 1 moments: Fe adatoms on InSb(110) [38] and Fe
Phthalocyanine (Pc) molecules on oxidized Cu. However,
the strong coupling of laterally assembled Pc molecules
seems unlikely and the manipulation of magnetic atoms
on semiconducting surfaces remains to be demonstrated.
The fabrication of spin chains with Mn, Co and Fe atoms
has been reported for the case of Cu2N[20, 24, 27], but
these atoms have S 6= 1 moments. Given that first row
of transition metals have a +2 oxidation state on this
surface, we expect that Nickel or Vanadium atoms on
Cu2N should be good experimental candidates to test
the properties of S = 1 spin chains by STM-IETS. Natu-
4FIG. 3. (Color online) (a) Scheme of the energy level diagram
of each spin in the chain for D < 0 (left panel) and D > 0
(right panel) when J/|D| → 0 and E = 0. (b) Low bias
dI/dV along different positions i of a N = 16 spin chain
with anisotropy parameters D = −0.2J, E = 0.05J and T =
0.01J . (c) Expectation value |〈1|Sz1 |1〉| (red line) versus D/J .
rally, progress in this field will enlarge the number of sur-
faces and chemical species that can be used to engineer
quantum spin chains and explore quantum magnetism at
the nanoscale. A particularly interesting possibility could
arise from the use of modified AFM molecular wheels [39]
deposited on surfaces, which can be chemically modified
to test the properties of open and closed chains.
In summary, we are proposing a way to probe frac-
tionalized S = 1/2 edge states of an individual S = 1
spin chain, as well as to map the spectral weight of the
edge states along the chain. The proposal relies on the
spectroscopical capabilities of STM that allow measuring
spin excitations with atomic spatial resolution. We have
shown that this technique opens a direct access to the
spectral properties of individual spin chains, which are
finger prints of exotic states of matter. This simple ex-
ample illustrates the potential for using this experimental
technique as a controllable artificial lab for testing fun-
damental properties of highly correlated systems.
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